Hypertension is frequently associated with metabolic disorders. The present study was designed to investigate the long-term effect of prehypertensive losartan therapy on metabolic disorders in high-fat-fed spontaneously hypertensive rats (SHRs), and to examine the role of epigenetic regulation of angiotensin II type 1 receptor (AT1R) and AT1 receptor-associated protein (ATRAP) expression in adipose tissue. A total of 32 4-week-old male SHRs were divided into four groups (n=8 rats/group): Standard chow; standard chow + losartan; high-fat diet; and high-fat diet + losartan. At 10 weeks of age, treatment with losartan was discontinued. Rats were followed up until 26 weeks of age. Obesity, dyslipidemia, hyperglycemia, abnormal adipokine secretion, larger adipocytes and decreased expression of markers of adipocyte differentiation were present in high-fat-fed SHRs, and were attenuated in losartan-treated rats. The increased expression and promoter hypomethylation of AT1R subtype a (AT1aR) in the adipose tissue of high-fat-fed SHRs were reversed by treatment with losartan. No difference was observed in the expression and promoter methylation of AT1R subtype b (AT1bR) among the four groups. Decreased expression and promoter hypermethylation of ATRAP were demonstrated in the adipose tissue of high-fat-fed SHRs. However, losartan made no difference to the expression and promoter methylation of ATRAP. Prehypertensive losartan therapy may relieve metabolic disorders in the later life of high-fat-fed SHRs. Differential epigenetic regulation of AT1aR and ATRAP expression through DNA methylation in adipose tissue may be involved in the long-term beneficial effect.
Introduction
Hypertension is frequently associated with metabolic disorders, characterized by obesity, dyslipidemia and hyperglycemia. The clustering of these disorders contributes to the increased morbidity and mortality of cardiovascular diseases (1) . Spontaneously hypertensive rats (SHRs) are commonly-used rat models of essential hypertension. Antihypertensive treatment with losartan during the prehypertensive period, a specific stage in the early life of SHRs, has been demonstrated to be able to inhibit the increased in the blood pressure of the rats long-term. In addition, the expression of angiotensin II type 1 receptor (AT1R), an important component of the renin-angiotensin system (RAS), was decreased in the heart and kidney of the rats, suggesting that RAS inactivation in hypertension-associated tissues is involved in the benefit of early treatment with losartan (2) . However, it has yet to be determined whether this therapeutic strategy is beneficial to relieve metabolic disorders and inhibit the activation of RAS in metabolism-associated tissues.
Metabolic disorders are associated with adipose tissue dysfunction. Adipose tissue functions as a storage place of fatty acids and an endocrine organ, producing a large number of hormones and adipokines (3) . RAS is considered to be an important regulator of blood pressure and fluid homeostasis. Accumulating evidence has demonstrated that RAS is additionally present in adipose tissue. The local adipose tissue RAS is reported to be able to modulate adipocyte differentiation, adipokine production, local blood flow, inflammation and oxidative stress (4, 5) . These newly verified roles provided a novel perspective on the pathophysiology and possible interventional targets for metabolic disorders.
It has been established that the expression of RAS genes in specific tissues may be affected by low-protein diet, nicotine and high-salt diet exposure in early life, and that alterations in gene expression are associated with certain chronic diseases in later life, a phenomenon attributed to 'developmental programming' (6) (7) (8) . Epigenetic mechanisms serve a role in these programmed diseases (6, 7) . DNA methylation is considered to be one of the most fundamental epigenetic modifications. It refers to covalent binding of a methyl group to the 5' carbon of cytosine, and this binding primarily occurs at CpG dinucleotide sequences in the mammalian genome (9, 10) . In general, promoter methylation leads to long-term repression of gene expression by altering the chromatin structure or blocking the binding of transcription factors to the DNA sequence (11) .
Losartan, one of the typical RAS inhibitors, is commonly used as an antihypertensive agent. RAS inhibitors have been demonstrated to have a beneficial effect in the regulation of metabolism (12, 13) . As a common chronic disease, metabolic disorders may be induced by suboptimal exposure in early life (14) . Therefore, it may be hypothesized that prehypertensive treatment with losartan may be able to relieve metabolic disorders in a model of high-fat-fed SHRs long-term, and that methylation regulation of RAS gene expression in adipose tissue may be involved in the long-term effect elicited by the early treatment with losartan.
Materials and methods
Animals, diet and pharmacological treatment. Prior to beginning the experiment, specific criteria of humane endpoints were established. The criteria included: i) A marked reduction in food or water intake; ii) shaggy coat; iii) labored breathing; iv) an inability to remain upright; and v) unconsciousness or unresponsiveness to external stimuli, including picking up, handling and sound (15, 16) . All signs were validated by an animal specialist. If rats presented one or more of the above signs, they were considered to have reached the humane endpoint, and were anesthetized with sodium pentobarbital (50 mg/kg, administered intraperitoneally) and sacrificed by cervical dislocation immediately. A total of 32 4-week-old male SHRs [body weight (BW) 122±11 g] were obtained from Vital River Laboratory Animal Technology Co., Ltd. (Beijing, China). Animals were housed (5 rats/cage) under controlled conditions (temperature, 22-24˚C; humidity, 40-60%; 12/12-h dark/light cycle), with free access to food and water. Rats were randomly divided into four groups based on diets and treatment (n=8 rats/group): Standard chow, standard chow + losartan, high-fat diet, and high-fat diet + losartan. The standard chow consisted of 10% Kcal as fat, 70% Kcal as carbohydrate, and 20% Kcal as protein. The high-fat diet consisted of 45% Kcal as fat, 35% Kcal as carbohydrate and 20% Kcal as protein. Additionally, 25% soybean oil and 0.23% NaCl were mixed into the diets. The diets were manufactured by the Laboratory Animal Center of Fujian Medical University (Fuzhou, China). Losartan was administrated at the dosage of 30 mg/kg/day by gavage. Rats without treatment with losartan were administrated with 1 ml saline. At 10 weeks of age, treatment with losartan was discontinued. The rats were followed up. At 26 weeks of age, all rats were sacrificed following the measurement of blood pressure and BW. The study protocol was approved by the Institutional Animal Care Committee of the First Affiliated Hospital of Fujian Medical University (approval no. 001).
Measurement of BW and systolic blood pressure (SBP).
BW was determined using a balance at 2-4 week intervals. At 26 weeks of age, SBP was measured under conscious conditions using the tail-cuff method (Softron BP-98A; Softron Co., Ltd., Tokyo, Japan) as previously described (17, 18) . Prior to the measurement, rats were placed inside a warming chamber for 15 min to calm the animals and dilate the tail blood vessels. The rats were subsequently removed to plastic restrainers, and a cuff with a pneumatic pulse sensor was attached to the tail blood vessels. Mean SBP was calculated from three consecutive SBP readings.
Plasma and tissue collection. The rats were deprived of food for 6 h prior to sacrifice, and anesthetized with sodium pentobarbital (50 mg/kg, administered intraperitoneally) at 26 weeks of age. Blood samples were rapidly collected via abdominal aortic puncture and the rats were immediately sacrificed by cervical dislocation. Plasma was separated by centrifugation (1,200 x g for 10 min) at 4˚C, and stored at -20˚C until analysis. Inguinal, epididymal, retroperitoneal and mesenteric fat pads were dissected and weighed. The percentage of each fat pad weight compared with the total BW was calculated to determine the alterations in white adipose tissue (WAT) mass. A portion of the epididymal fat pad was stored in a fixative solution (formaldehyde 4% w/v; 0.1 M phosphate buffer; pH 7.2) for morphological assessment, and the remaining fat pad was rapidly frozen at -80˚C for ELISA and molecular analyses.
Biochemical analysis and ELISA. The concentrations of plasma total cholesterol (TC), triglycerides (TG), high density lipoprotein cholesterol (HDL-C), low density lipoprotein cholesterol (LDL-C) and glucose were analyzed using an automated autoanalyzer (Olympus Au2700; Olympus Corporation, Tokyo, Japan). A total of 30 mg epididymal fat was homogenized at 4˚C following the addition of 1 ml PBS. The supernatant was carefully collected following centrifugation for 10 min at 1,200 x g at 4˚C. Leptin (cat. no. KRC2281), adiponectin (cat. no. KRP0041), interleukin-6 (IL-6; cat. no. BMS625), tumor necrosis factor-α (TNF-α; cat. no. 88-7340-86) and monocyte chemoattractant protein-1 (MCP-1; cat. no. BMS631INST) in the plasma and the supernatant of the epididymal fat were determined using commercially available ELISA kits (Thermo Fisher Scientific, Inc., Waltham, MA, USA).
Morphological analysis in WAT.
Epididymal fat was fixed in 10% (v/v) formaldehyde/PBS for 48 h at room temperature, followed by dehydration with acetone for 24 h. The dehydrated tissue was embedded in paraffin and sliced into 10-µm-thick sections. The sections were stained with hematoxylin for 10 min and eosin for 15 sec at room temperature. A total of four sections were selected from each sample. A total of four different microscopic fields (upper left, upper right, lower left and lower right) per section were observed under a light microscope (CX31; Olympus Corp., Tokyo, Japan). At least 25 adjacent adipocytes per microscopic field were analyzed. The diameter and cross-sectional area of each adipocyte was determined using Image Pro Plus 6.0 (Media Cybernetics. Inc., Rockville, MD, USA). The mean diameter and area were calculated.
Reverse transcription-quantitative polymerase chain reaction (RT-qPCR) analysis in WAT.
The m R NA expression levels of peroxisome proliferator-activated receptor γ (PPARγ), transcription factor adaptin 2 (aP2), CCAAT/enhancer binding protein α (CEBP/α), CEBP/β, AT1R subtype a (AT1aR), AT1bR and AT1R-associated protein (ATRAP) were assessed via RT-qPCR, as previously described (19, 20) . Total RNA was extracted from epididymal fat using TRIzol (Invitrogen; Thermo Fisher Scientific, Inc.), according to the manufacturer's protocol. A total of 2 µg RNA was reverse-transcribed into cDNA using a RevertAid First Strand cDNA Synthesis kit (Thermo Fisher Scientific, Inc.). Primers were designed according to the PubMed Database (www.ncbi.nlm.nih.gov/pubmed; Table I ). qPCR was performed using SYBR Green PCR Master Mix (Takara Bio, Inc., Otsu, Japan), and detected using an ABI Prism 7000 sequence detection system (Applied Biosystems; Thermo Fisher Scientific, Inc.). The following qPCR conditions were used: 95˚C (30 min), followed by a three-step PCR program of 95˚C (10 sec), 60˚C (31 sec) and 72˚C (30 sec) for 40 cycles, and a final extension step of 72˚C for 5 min. The mRNA level was quantified by calculating the values of the Δ quantification cycle (ΔCq) by normalizing the average Cq value compared with the internal control (GAPDH), and calculating 2 -ΔΔCq (19) .
AT1R and ATRAP western blot analysis in WAT.
Western blotting was performed as previously described, with minor modifications (21). The total protein was extracted from epididymal fat using a cold radioimmunuoprecipitation assay cell lysis buffer (Shanghai Sunred Biological Technology Co., Ltd, Shanghai, China) supplemented with a protease and phosphatase inhibitor cocktail, and phenylmethane sulfonyl fluoride. The supernatant was separated by centrifugation for 10 min at 800 x g at 4˚C, followed by centrifugation for 15 min at 14,000 x g at 4˚C. The concentration of protein was determined using a bicinchoninic acid protein assay kit (Beyotime Institute of Biotechnology, Haimen, China). Aliquots of 80 µg protein were separated using 10% SDS-PAGE gels, and electro-transferred onto polyvinylidene fluoride membranes. The membranes were blocked with 5% non-fat milk in TBS containing 0.05% Tween 20 (TBST Following a further three washes with TBST for 10 min, the membrane was visualized using enhanced chemiluminescence (Xiamen Lulong Biotech Co., Ltd., Xiamen, China) with a high-performance chemiluminescence film and quantified using Image Pro Plus version 6.0 (Media Cybernetics, Inc.).
Promoter methylation of AT1aR, AT1bR and ATRAP:
Bisulfite-specific polymerase chain reaction (BSP) and DNA sequencing. The methylation levels of the AT1aR, AT1bR and ATRAP promoters were determined as described previously (22) . Genomic DNA was extracted from epididymal fat using a GenElute Mammalian Genomic DNA mini-prep kit (Sigma-Aldrich; Merck KGaA, Darmstadt, Germany), according to the manufacturer's protocol. DNA was subjected to bisulfate treatment using EpiTect Bisulfite kit (Qiagen GmbH, Hilden, Germany). The process specifically converts only unmethylated cytosine residues of CpG to uracil residues. PCR analysis of the target regions of interest was performed to amplify the bisulfite-modified products. The primer sequences for the PCR and the sequencing strategy are presented in Table II . The conditions of the PCR cycle were as follows: 95˚C for 3 min, followed by 50 cycles at 95˚C for 15 sec, 54˚C for 30 sec and 72˚C for 30 sec, and a final step of 72˚C for 5 min. The reaction mixture contained 10X PCR buffer (4 µl), dNTP (10 mM; 0.8 µl), primer F (10 µM; 0.5 µl), primer R (10 µM; 0.5 µl), Takara Hotstart Taq (0.5 µl; 2.5 units; Takara Bio, Inc.), DNA template (2 µl) and H 2 O (31.7 µl). PCR products were separated using 3% agarose gels, and the bands were visualized by ethidium bromide staining (Thermo Fisher Scientific, Inc.), and were excised using the QIAquick Gel Extraction kit (Qiagen GmbH). Purified PCR products were mixed with sequencing buffer containing 0.5 µM sequencing primer. Following denaturation at 80˚C for 2 min, the products were sequenced using a PyroMark Q96 ID sequencer (Qiagen GmbH).
Statistical analysis. Statistical analysis was performed using SPSS version 17.0 (SPSS, Inc., Chicago, IL, USA). Continuous data are presented as the mean ± standard deviation. Differences between groups were detected by one-way analysis of variance, followed by the least significant difference post hoc test for multiple comparisons. P<0.05 was considered to indicate a statistically significant difference.
Results

BW and percentage of WAT mass compared with BW.
During the experiment, no rats met the criteria of humane endpoints, and all of the rats were followed up until the planned experimental endpoints. BW increased with age in all rats. No difference was observed in BW between standard chow-fed SHRs (SC) and losartan-treated SHRs on standard chow (SC-Los) throughout the study period (P>0.05). BW was increased in high-fat-fed SHRs (HF) compared with SC from 8 weeks of age onwards (26 weeks old, HF 396±15 g vs. SC 316±18 g; P<0.05). Losartan-treated SHRs on a high-fat diet (HF-Los) exhibited a significantly decreased BW compared with age-matched HF animals from 10 weeks of age onwards (26 weeks old, HF-Los 348±12 g vs. HF 396±15 g; P<0.05) (Fig. 1A) . As presented in Fig. 1B (26 weeks old, HF-Los 192±18 mmHg vs. HF 222±19 mmHg; P<0.05). There was no difference in the expression levels of plasma TC, TG, HDL-C, LDL-C, IL-6, MCP-1, TNF-α, leptin or adiponectin (P>0.05) between SC and SC-Los. The levels of HDL-C and adiponectin were significantly decreased, and the levels of TC, TG, LDL-C, glucose, IL-6 and MCP-1 were significantly increased in HF compared with SC (P<0.05). The levels of TC, TG, LDL-C, IL-6 and MCP-1 were decreased, and the levels of HDL-C, fasting blood glucose and adiponectin were increased in HF-Los compared with HF. There was no difference in the level of TNF-α among the four groups (Table III) . Fig. 2A and B) . The mRNA expression levels of PPARγ, aP2, CEBP/α, and CEBP/β in adipose tissue were similar between SC and SC-Los (P<0.05), and decreased in HF compared with SC (P<0.05). The mRNA levels of Table III . Effect of prehypertensive losartan therapy on the metabolic profiles and plasma adipokine levels of high-fat-fed SHRs at 26 weeks of age (mean ± standard deviation; n=8). PPAR and CEBP/β were significantly higher in HF-Los compared with HF (P<0.05). However, no difference was observed in the mRNA levels of aP2 and CEBP/α between HF and HF-Los (P>0.05; Fig. 2C ). There was no difference in the levels of IL-6, MCP-1 TNF-α, leptin or adiponectin in adipose tissue between SC and SC-Los (P>0.05). The level of adiponectin was decreased, and the levels of IL-6, MCP-1 and leptin were increased in HF compared with SC (P<0.05). HF-Los exhibited a significantly higher level of adiponectin and significantly lower levels of IL-6, MCP-1 and leptin compared with HF (P<0.05). There was no difference in the level of TNF-α among the four groups (P>0.05; Table IV) .
Group ---------------------------------------------------------------------------------------------------------------------------------------------------------------------------
Expression of AT1aR, AT1bR and ATRAP in WAT.
The mRNA expression level of AT1aR and the protein expression level of AT1R in adipose tissue were similar between SC and SC-Los (P>0.05). The mRNA expression level of AT1aR and protein expression level of AT1R were increased in HF compared with SC (P<0.05), and were decreased in HF-Los compared with HF (P<0.05) (Fig. 3A and B) . There was no difference in the mRNA expression of AT1b among the four groups (P>0.05; Fig. 3A) . No difference was observed in the mRNA and protein expression levels of ATRAP between SC and SC-Los. The mRNA and protein expression levels of ATRAP were decreased in HF compared with SC (P<0.05), and were similar between HF and HF-Los (P>0.05) (Fig. 3A and C) . As The data are presented as the mean ± standard deviation. n=8. AT1aR, angiotensin II type 1 receptor subtype a; ATRAP, AT1R-associated protein; SHRs, spontaneously hypertensive rats; SC, standard chow-fed SHRs; HF, high-fat-fed SHRs; SC-Los, losartan-treated SHRs on standard chow; HF-Los, losartan-treated SHRs on high-fat diet. Table IV . Effect of prehypertensive treatment with losartan on adipokine production in the adipose tissue of high-fat-fed SHRs at 26 weeks of age (mean ± standard deviation; n=8). (Fig. 3D) .
DNA methylation in AT1aR, AT1bR and ATRAP promoters.
A total of seven CpG sites (+70, +77, +84, +93, +99, +108 and +113 bp) were examined in the AT1aR promoter (Fig. 4A) . The methylation levels of the +77, +84, +99, +108 and +113 bp sites were decreased in HF compared with SC (P<0.05), and were increased in HF-Los compared with HF (P<0.05; Fig. 4B ). A total of three CpG sites (-77, -72 and -42 bp) were examined in the AT1bR promoter (Fig. 4C) . There was no difference in the methylation levels of these sites among the four groups (P>0.05) (Fig. 4D) . A total of nine CpG sites (-120, -117, -103, -91, -85, -83, -81, -68 and -65 bp) were examined in the ATRAP promoter (Fig. 4E) . The methylation levels at the -120, -117, -85 and -65 bp sites were higher in HF compared with SC (P<0.05), and were similar between HF and HF-Los (P>0.05; Fig. 4F ).
Discussion
In the present study, it was demonstrated that prehypertensive treatment with losartan was able to attenuate metabolic disorders in high-fat-fed SHRs, persisting up to 26 weeks of age. It was additionally observed that the long-term effect may be associated with differential epigenetic regulation of AT1aR and ATRAP expression in adipose tissue. It is well known that hypercaloric diets, particularly a high-fat diet, are potential contributors to metabolic disorders in human (23 that when fed with high-fat-diet, SHRs experienced certain symptoms, including obesity, excessive adipose deposition, dyslipidemia, which were similar to metabolic disorders in obese patients with hypertension. The present study successfully duplicated this previous animal model and a number of alterations were further revealed in adipose tissue. Adipocytes became larger, the expression of PPARγ, aP2, CEBP/α and CEBP/β was decreased, the production of IL-6, MCP-1 and leptin was increased, and the production of adiponectin was decreased. PPARγ is an important transcription factor that mediates adipocyte differentiation, and it is considered to be a marker of adipocyte differentiation in addition to aP2, CEBP/α and CEBP/β (26). IL-6 and MCP-1 may be produced by adipocytes and generally serve as proinflammatory cytokines. Leptin and adiponectin are typical adipokines produced by adipose tissue. The action of leptin is primarily to inhibit food intake and decrease body weight. However, an increase in leptin production generally indicates obesity due to of leptin resistance. Adiponectin possesses antiatherogenic, antiflammatory and antioxidant properties (3) . Due to the roles of these molecules, it was inferred that abnormal adipocyte differentiation and adipose tissue dysfunction were elicited in high-fat-fed SHRs in the present study. In addition, the protein ratio of AT1R to ATRAP was increased, which was consistent with alterations observed in other models of metabolic disorders (13) . AT1R has been identified to be the primary mediator of the pathophysiology of angiotensin II, an important effector of RAS (27) . In rodents, AT1R is divided into two subtypes: AT1aR and AT1bR (27) . ATRAP is an AT1R-binding protein, and it may selectively downregulate AT1R-mediated signaling by promoting AT1R internalization (28) . An imbalance of AT1R and ATRAP in the cardiovascular system was associated with the development of hypertension and cardiac remodeling (29) . Therefore, it is reasonable to hypothesize that the increase in the protein ratio of AT1R to ATRAP in adipose tissue was involved in abnormal adipocyte differentiation and adipose tissue dysfunction in high-fat-fed SHRs. Additionally, hypomethylation of AT1aR and hypermethylation of ATRAP were observed to be associated with the increase in AT1R mRNA expression and the decrease in ATRAP mRNA expression, suggesting that the expression of these two genes may be regulated by DNA methylation. To the best of our knowledge, this is the first report on the DNA methylation of RAS genes in adipose tissue.
A previous study suggested that early life is a critical period for adipose tissue development (30) . The results of the present study demonstrated that treatment with losartan during the prehypertensive period attenuated metabolic disorders, abnormal adipocyte differentiation and adipose tissue dysfunction in high-fat-fed SHRs. Notably, the observed benefit lasted for at least 16 weeks following treatment withdrawal. The early treatment with losartan was revealed to be able to reverse the increased expression and promoter hypomethylation of AT1aR in adipose tissue, suggesting that epigenetic regulation of AT1aR expression through DNA methylation may serve a role in the long-term effect elicited by the early treatment. However, it was demonstrated in the present study that the treatment with losartan failed to mitigate the decreased expression and hypermethylation of ATRAP in the adipose tissue of high-fat-fed SHRs. By contrast, a previous study reported that promoter hypermethylation of ATRAP in the myocardium of SHRs may be reversed by early treatment with losartan (22) . Therefore, the present and previous results suggested that the effect of the early treatment on DNA methylation is gene-and tissue-specific. Li et al (31) additionally reported that the alteration in DNA methylation was gender-specific. Further studies are required to examine the mechanism underlying the specificity of DNA methylation.
Based on the role of epigenetics in the development of chronic disease, it is presumed that epigenetic intervention may be an attractive strategy for the treatment of these diseases. Typical epigenetic drugs, including histone deacetylase inhibitors and DNA methyltransferase inhibitors, have previously been investigated in animal models of cardiovascular diseases (32, 33) . However, these typical epigenetic drugs have been demonstrated to confer a beneficial effect in certain tissues and to cause a deleterious effect in other tissues (33, 34) . A possible interpretation is that these drugs alter epigenetic modification without tissue specificity. By contrast, the present and previous data suggested that early treatment with losartan may inhibit the increase in blood pressure, and protect against cardiac and renal damage, and metabolic disorders. In addition, the effect of losartan on epigenetic modification is gene-and tissue-specific, and this specificity may be due to the intrinsic properties of losartan, serving as a potential inducer of epigenetic modification, and not as a direct inhibitor or activator of epigenetic enzymes. Pentaerythritol tetranitrate has been reported to exhibit similar characteristic to losartan (35) . Losartan and pentaerythritol tetranitrate may be regarded as atypical epigenetic drugs, and atypical epigenetic drugs may be potential alternatives to typical epigenetic drugs in the treatment of chronic disease.
The results of the present study demonstrated that prehypertensive treatment with losartan was able to relieve metabolic disorders in the later life of high-fat-fed SHRs. The long-term effects may be associated with the differential epigenetic regulation of RAS gene expression in adipose tissue via DNA methylation. The present study provided evidence for the additional benefits of early treatment with losartan, beyond the prolongation of a decrease in blood pressure.
